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This paper presents magnetic properties of highly ordered ultrathin FeRh films deposited on Si/SiO wafers with MgO as a buffer layer. The antiferromagnetic to ferromagnetic (FM) transition is observed with a thickness as low as 3 nm. However, as the thickness decreases, the residual magnetization (M rs ) at low temperature increases and the amplitude of the transition decreases. In addition, the transition becomes much broader for the thinner films. This broadening is related to the grain size reduction in the thinner films. The temperature dependence of the magnetization of a highly ordered B2 FeRh film with a thickness of 10 nm was carefully measured as a function of field. The results show that the transition temperature decreases almost linearly with a rate of 0.93 K/kOe (heating) and 0.97 K/kOe (cooling) close to the value for the bulk samples, while M rs obtained at 100 K increases rapidly at low field and then linearly at a field larger than 10 kOe, which clearly demonstrates that an applied field would induce FM stabilization in ultrathin FeRh films. 3 For these applications, FeRh film is used to reduce the switching field of the storage layer through the exchange coupling between the ferromagnetic (FM) FeRh layer and the storage layer at elevated temperatures without sacrificing the thermal stability of the storage layer at ambient temperature, since the antiferromagnetic (AF) FeRh layer provides negligible exchange coupling to the storage layer. The major challenge is to prepare ultrathin FeRh films with a single AF phase at ambient temperature, which will convert to the FM phase at elevated temperatures, and vice versa. So far, a sharp AF-FM transition of FeRh film was only reported at a thickness above 14 nm. 4 For ultrathin films with a thickness of 10 nm or below, a large residual magnetization (M rs ) is generally observed. 5 The origin of this low temperature FM phase remains unclear. Fan et al. 6 observed the existence of a FM phase in a region within 6-8 nm near the top and bottom interfaces of a FeRh film. Based on ab initio calculations, Lounis et al. 7 found that a FM state is stable up to 9 atomic layers for Rh-terminated FeRh films. In addition, the AF structure would become unstable when the amount of the site-exchange defect density exceeds a threshold of 0.8%/f.u. 8 Furthermore, based on the phase diagram, 9 the AF to FM transition can be only achieved in the a 00 phase which is formed within a narrow Fe atomic concentration range from 45% to 51%. Due to slow diffusion rate of Rh, it is likely that a mixture of the FM Ferich a 0 phase and the paramagnetic Rh-rich c phase is formed in the film. In this paper, the magnetic stability of ultrathin (10 nm) FeRh films is examined. It is found that for such ultrathin FeRh films, the low temperature FM stabilization is sensitive to the film thickness and the applied magnetic field. An AF to FM transition is observed at a thickness as low as 3 nm, which is close to the FM stabilization thickness based on ab initio calculations for Rh-terminated film. 7 FeRh films were grown on thermally oxidized Si wafers with MgO buffer layer by co-sputtering from pure Fe and Rh targets. The composition was adjusted by controlling the sputtering power of each target. The deposition pressure and temperature used are 0.059 Pa and 650 C, respectively. The films were capped by a 5 nm thick Ru layer to prevent oxidation of the FeRh layer. The top surface profiles were characterized by using atomic force microscope (AFM). The crystalline structures of all FeRh films were analyzed by x-ray diffraction (XRD) and show highly order B2 phase. Magnetic properties were measured using a superconducting quantum interference device (SQUID) with a maximum field and temperature of 70 kOe and 400 K, respectively.
Figs. 1(a) and 1(b) show temperature dependence of magnetization (M-T) for various thicknesses in the presence of a magnetic field of 1 kOe and 50 kOe, respectively. As the thickness decreases, M rs increases and the amplitude of the magnetization transition decreases. In addition, the transition temperature shifts to lower temperatures for the thinner films. This implies that in these ultrathin films, the lattice mismatching induced stress (compression) should not be a dominant factor for the FM phase formation, since the compression should delay the onset of AF-FM transition, i.e., there should be an increase in the transition temperature instead of the decrease seen here. The AF-FM transition is observed at a thickness as low as 3 nm, which is the lowest thickness for the observation of the transition reported so far. This thickness is also close to the theoretical thickness limit for the stable AF phase based on ab initio studies. 7 The AF-FM transition is not yet completed when the sample is heated up to 400 K at 1 kOe. When a field of 50 kOe was applied, the transition is shifted below 400 K. As a result, the larger magnetic transition can be obtained and the magnetization at 400 K is much larger than that measured at 1 kOe. Accordingly, M rs also increases significantly. This magnetization increase is not caused from the shift of the AF-FM transition towards the lower temperature at a higher field, but the field-induced FM stabilization. As shown in Fig. 1(b) , for thickness of 10 nm and 8 nm and at a field of 50 kOe, the AF-FM transitions take place at temperatures higher than 200 K and the FM-AF transitions are also completed at about 120 K. This field-induced FM stabilization is further enhanced as the thickness decreases except for the 3 nm thick film, for which a residual magnetization lower than that of the 5 nm thick film is observed. An irreversible increase in M rs was also observed after one cycle of heating and cooling at 50 kOe. It should be pointed out that as the thickness decreases below 5 nm, the magnetization change seems to become unstable at 50 kOe with much broader transition observed. The magnetization keeps increasing with temperature even after the AF-FM transition. In contrast, for 8 nm thick FeRh film, there is a well-defined AF-FM transition at a temperature lower than that of the 10 nm thick film and the magnetization starts to decrease immediately after the transition. To understand the origin of the residual magnetization, the inset of Fig. 1(a) shows the ratio of M rs at 100 K to the maximum magnetization achieved at 400 K as a function of thickness. The data for thickness exceeding 10 nm (filled circles) were obtained from a series of samples, whose composition is first tuned to give the lowest M rs at a thickness of 80 nm through adjusting the sputtering power of Fe and Rh targets. It is found that this composition results in a large M rs when the thickness is reduced to 10 nm. By further tuning the composition at a fixed thickness of 10 nm, an even smaller M rs (open circles) was achieved. As shown in the inset, the M rs ratio remains unchanged at about 4.5% down to 10 nm. This result implies that M rs above 10 nm is not from film thickness dependent stress, but from composition fluctuations over the film. On the other hand, the significant increase of the M rs ratio below 10 nm is most likely due to an increase of the interfacial FM phase in the samples as reported by Ding et al. 10 and Baldasseroni et al.
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Fig . 2 shows the magnetization curves of the same samples measured at 300 K. It is obvious that these ultrathin films show soft FM behaviour with a small coercivity. Magnetization saturates at a field of less than 500 Oe. The inset of Fig. 2 gives the saturation magnetization (M s ) of the films obtained at 100 K and 300 K. At 300 K, M s increases monotonously as the thickness decreases from 10 nm to 3 nm, while at 100 K, there is a slight decrease in M s when the thickness is reduced from 5 nm to 3 nm. The larger M s observed at 300 K in the 3 nm thick film is due to the lower AF-FM transition temperature as shown in Fig. 1(a) , while the lower M s at 100 K is probably from the instability of the FM phase in the 3 nm thick film. However, in the presence of a high field, the magnetization of the 3 nm thick film becomes unstable. As can be seen from Fig. 1(b) , the magnetization at 50 kOe is much smaller for the 3 nm thick film than that of the 5 nm thick films, while a similar magnetization is obtained at a field of 1 kOe. As shown in Fig. 1 the transition becomes significantly broadened as the thickness decreases from 8 nm to 5 nm. To understand the mechanism of the broadening, Fig. 3 shows the AFM images of surface morphology. The grain sizes measured for different samples are also given in the figure. When the thickness decreases from 8 to 5 nm, the grain size decreases significantly from 66.4 nm to 39.1 nm which corresponds to the significant increase in the transition width and M rs as shown in Fig. 1 . This can be understood from the surface/interface effect as the surface area increases with decrease of the grain size. This result is in agreement with that reported for thicker films. 12 It was reported 12, 13 that FM nucleation is favoured in the presence of a magnetic field. As a result, the magnetic transition is shifted to lower temperature under a higher field, which is confirmed in Fig. 1 . In order to explore the mechanism of the formation of field-induced FM phase at low temperature, the field dependence of M-T curves of the 10 nm thick FeRh film was obtained. To avoid data crowding, Fig. 4 only shows the transition temperature and the M rs at 100 K as a function of magnetic field. The transition temperature (T tr ) is defined as the temperature at which the derivative of M-T curves in the AF-FM and FM-AF transitions is maximum. The field coefficient of transition temperature dT tr /dH is 0.93 and 0.97 K/kOe for heating and cooling, respectively, which is close to 1 K/ kOe and 0.8 K/kOe reported by Ohtani and Hatakeyama 12 and Maat et al. 13 for FeRh thick films, respectively, and 0.82 K/ kOe reported by Kouvel 14 for the bulk FeRh alloys. This result implies that the field-induced transition shift is intrinsic for the AF phase, independent of the thickness and composition. This is in contrast to the residual magnetization, which is sensitive to the composition, stress, defect, thickness as well as field. As shown by the open circle/square symbols, M rs increases rapidly when the field increases from 0.5 kOe to 10 kOe, then increases almost linearly with the field. This field-induced ferromagnetism appears reversible upon the thermal cycle at low fields and then becomes irreversible when the field is larger than 10 kOe. The amount of increased M rs increases as the field increases. This could be attributed to the possibility of the field driving the FM-AF transition of some AF phases to a temperature below 100 K. It is worth mentioning that even at such a thickness of 10 nm, our sample shows a low M rs , having a magnetization value of about 18 emu/cc at 100 K in the presence of 0.5 kOe, in contrast to 250 emu/cc reported by Suzuki et al. 5 However, we also noted that the maximum magnetization value (670 emu/cc) measured in the FM state is much lower than the bulk value. This magnetization reduction is ascribed to the grain size induced FM instability and the magnetic moment reduction of Fe and Rh spins at the interface.
In conclusion, small residual FM phase is observed for ultrathin FeRh films deposited on Si wafer. The AF phase becomes more and more unstable as the thickness decreases. The FM phase could be stabilized by a magnetic field when the FeRh film thickness is reduced below 10 nm. Although the shift of the overall AF-FM transition to lower temperatures as observed under increasing magnetic field is intrinsic for FeRh alloys, the field-induced FM phase is closely related to the film thickness, composition, and other extrinsic conditions. 
